The seasonal variability of bio-optical and physical properties within the upper ocean at a site in the Sargasso Sea (34øN, 70øW) has been observed using multivariable moored systems (MVMS) during a 9-month period 0darch through November 1987). In addition, complementary meteorological data, sea surface height (Geosat) and sea surface temperature maps, and expendable bathythermograph (XBT) and shipboard profile data (physical and bio-opfcal) have been utilized for interpretation. The observations during March ar• characteristic of late wintertime conditions of a deep isothermal layer (-18-19øC), but with intervening periods of warming due to the advection of warm outbreak waters associated with Gulf Stream meanders. The mixed layer depth shoals from greater than 160 m to about 25 m in late March (spring transition). Phytoplankton blooms follow the mixed layer shoaling. A succession of phytopl_a_nkton populations occurs during this transitional interval. Mesoscale variability associated with cold core rings and warm outbreak waters associated with the Gulf Stream are evident at various times. The mixed layer remains near 25 m for the summer and deepens in mid-September. A relatively intense subsurface maximum in chlorophyll develops at--75 m following the spring transition. The maximum persists, but weakens in mid-summer. The present study clearly indicates that important processes associated with and contributing to the seasonal cycle occur on short time and space scales and that integrated data sets obtained from moorings, ships, and satellites can be used to effectively study biooptical and physical phenomena on time scales from minutes to seasons. Our data may be used to identify critical processes and feedback mechanisms, statistically quantify relationships, and formulate and test coupled bio-optical and physical models. Data obtained from the instrument platform, the multivariable moored system (MVMS), may also be used for estimating biomass from beam attenuation and chlorophyll fluorescence (strobe-stimulated) measurements, for primary productivity determinations using beam attenuation, dissolved oxygen, stimulated chlorophyll fluorescence, and photosynthetically available radiation (PAR) data, and for estimating the vertical flux of particulate carbon from the euphotic layer [e.g., Dickey, 1991] . Estimates of pigment biomass and primary productivity using data obtained from the MVMS can be intercompared and used for examining variations in the attenuation of solar radiation due to distributions of pigment concentration [e.g., Siegel and Dickey, 1987] . Determining and modeling primary productivity and carbon flux are of considerable interest in the context of global biogeochemical fluxes across the air-sea interface and through the interior of the ocean as they relate to the global carbon budget [e.g., Brewer et al., 1986]. Moored systems utilized for the present work can be used to provide relevant bio-optical and physical information on time scales unachievable from sampling by ship, airplane, or satellite platforms and depth scales inaccessible from the latter two platform types. The utilization of all of these platforms will be necessary for global monitoring and modeling of the upper ocean's ecology and the flux of carbon from the upper ocean [e.g., Dickey, 1991 ].
other complementary data sets described below are used to interpret the evolution of the physical and bio-optical variables in the region of the mooring.
The sensor suite for the MVMS includes: a vector measuring current meter (VMCM) for horizontal velocity measurements [Weller and Davis, 1980 [Booth, 1976] , and a pulsed electrode dissolved oxygen sensor [Langdon, 1984] . Antifoulants were applied to various components of the system. Our results suggest that the antifoulants were effective with minimal degradation of data because of biofouling effects. Predeployment calibrations were done for most sensors, however, postdeployment calibrations were not always possible. Shipboard profile measurements series computed for the bio-optical moored systems (BOMS) data (described below) by Smith et al. [1991] [Langdon, 1987 [Langdon, , 1988 hours). The autospectra of several physical and bio-optical variables have been determined for each of the deployment periods using standard signal processing techniques. The data records for each variable were divided into overlapping ensembles of 8192 points (corresponding to 22.76 days) which increased the confidence of the spectral estimates while still allowing examination of lower-frequency (i.e., mesoscale) events. Spectra were smoothed at frequencies greater than the semi-diurnal frequency using band averaging. The diurnal (D), semi-diurnal (SD), and local inertial (I; period of 21.5 h) frequencies have been indicated (e.g., Figures 21-25) . The two components of the current data represent a vector time series and have been combined and then resolved into clockwise (CW) and counterclockwise (CCW) components [e.g., Gonella, 1972] . This procedure is used to evaluate inertial motion energetics as energy levels are characteristically greater for the CW component in the northern hemisphere. Further details may be found in Dicke• et al. [1990a,b, 1991] . The later use of the terms clockwise and counterclockwise for rotating mesoscale features should not be confused with this rotary spectral nomenclature which applies to local current measurements at the mooring site.
The vertical and horizontal temperature structure in the vicinity of the mooring was sampled during a few time periods with expendable bathythermographs (XBT's) and airborne expendable bathythermographs (AXBT's) [Chai el al., 1991] . The XBT observations were taken prior to mooring deployment and recovery operations along ?0øW from-39øN to-33øN. Regional AXBT surveys were conducted in the general region as part of the Northwest Atlantic Regional Energetics Experiment (REX) [Mitchell et al., 1985 [Mitchell et al., , 1990 Vazquez et al., 1990; Vazquez, 1991] and information concerning the present utilization of Geosat data are given in Chaiet al. [1991] . Because of a lack of a geoid model, the mean sea level, computed as the 2-year average SSH (and thus the signature of the Gulf Stream), is removed [Vazquez et al., 1990 ]. For our work, a smoothing window of 46-km latitude and 27-km longitude was used. The scene was used to create 10-day maps of the residual sea level with 0.25 ø latitudinal and longitudinal resolution. It should be noted that there is some as yet undetermined amount of error in the SSH data, apparently related to orbit error (V. Zlomicki, Personal communication, 1991 Generally, we note good correspondence between features 'in sea surface elevation and sea surface temperature. The dates shown in the panels of Figure 3 are at the midpoints of the 10-day sampling intervals.
Our original motivation for using Geosat data was to aid in the interpretation of the mooring data set, particularly to qualitatively assess the role of advection. For clarity, it should be noted that the mooring measurements are Eulerian and that the temporal variations measured at the mooring site result from both temporal changes in a property (say, temperature T) within an observed water parcel at the site (a'/'/dt) and the flow of water masses within a spatial gradient (e.g., uo•T/•)x) or for onedimensional flow (e.g., eastward), the mooring measures local changes according to
The last term on the right-hand side, the advection term, can be very important yet it cannot be easily estimated (this is a classical physical oceanographic problem). For this reason, we have utilized available satellite data sets to assist in our interpretation of the mooring data and more particularly to make rough inferences concerning the possible contributions by the advection terms to the mooring signals.
As indicated earlier, sea surface temperature maps were of limited value. Nonetheless, many of the features noted in these maps were corroborated by the Geosat SSH and residual geostrophic (RG) current maps. However, some features were discernable only with the Geosat data, because of sampling, weakness in temperature gradients, or the lack of surface temperature expressions. A comparison of RG currents derived from Geosat data with direct current measurements at a given location has several inherent problems. Specifically, the RG currents do not include the long-term (2-year) mean. In addition, the spatial and temporal scales of the determinations are by necessity quite coarse. And as mentioned earlier, there is some as yet undetermined correlated along-track error which is probably most deuimental to current direction determinations. The direct mooring current measurements are representative of a single point and mooring motion causes some error; however, these measurements are relatively accurate and subject to little In order to facilitate interpretation, the time series data have been subdivided into 18 observational periods (Table 1) General descriptions of the results of each of the three deployments are given below. The events of the first six periods (deployment 1) have been described by Dickey et al. [1991] . The detailed sequence of events for the latter 12 periods follows the general summaries and readers less interested in the specifics may wish to proceed to the discussion section after Ryther [1960, 1961] noted that the factors making the site different from more temperate sites include low nutrient concentrations, clear waters, relatively high solar insolation in winter, shallow mixed layer, and rapid recycling of nutrients. These factors contribute to relatively high wintertime production. In contrast, our site is subject to more intense and frequent atmospheric forcing events, the nutricline and 1% light The present data set allows us to consider variability in biooptical properties as well as physical properties. The spectral characteristics of internal gravity waves, generally with frequencies bound by the local buoyancy frequency and the inertial frequency, have been the subject of many observations. However, most of this work has been limited to physical data, particularly currents and temperature. The autospectra for the present physical and bio-optical variables are subdivided according to deployment for convenience, but as indicated previously, the three deployments roughly coincide with relatively distinct oceanic regimes.
The spectra for wind velocity (not shown) indicate that there is roughly a factor of five more energy at time scales of a day to a few days for the first and third deployment periods than for the second. There is similar spectral energy density at higher frequencies for all three deployments. The autospectra of temperature for 23 and 101 m depths are shown in Figure 21 for each deployment. The autospectra for these depths for the first deployment and for the third deployment at 23 m do not indicate significant spectral peaks at the inertial, semi-diurnal, or diurnal frequencies. This may be related to the high energy levels associated with intense mesoscale and atmospheric forcing and the deeper mixed layers where internal tides would not be supported. Rotary spectra for currents at 23 and 101 m are shown in Figure 22 and indicate greater spectral energy density near the local inertial frequency for deployments 2 and 3. The absence of peaks at the inertial frequency for deployment 1 is probably related to the mesoscale variability giving broadly distributed energy at !ewer frequencies. The clockwise rotation component is greater for deployments 2 and 3 than its counterclockwise counterpart as expected for inertial motion in the northern hemisphere. Rotary spectra for the second and third deployments of the Biowatt II experiment give results for the inertial peak which are of the same order of magnitude as those obtained by Briscoe and Weller [1984] . The first deployment current spectra indicate the presence of more energy in the low-frequency mesoscale bands than is observed in the two later deployments. These same characteristics for the spring to early summer time frame were reported for the current power spectra determined with current profilers by Eriksen [1988] , who conducted tWO 3.S-month time series studies (spring/summer and fall/winter) as part of LOTUS.
In interpreting the spectra of the bio-optical properties, it is important to keep in mind the several processes (summarized earlier) which may affect these variables. One of the most evident aspects of the bio-optical (beam attenuation coefficient, chlorophyll fluorescence, and dissolved oxygen) autospectra is the diurnal peak for depths within the euphotic layer (Figures  23-25 ). There is also some indication of a peak at the semidiurnal frequency for these variables during the second and third deployments below the mixed layer (e.g., 101 m). In addition, a semi-diurnal peak is apparent for dissolved oxygen at 23 m as well as for the latter two deployments. Short time scale variability of the bio-optical properties (induced by clouds) has been considered in a separate paper by $tramska and Dickey The temporal variability of the several quantities in the internal gravity wave frequency domain is highly dependent on the vertical displacement of their distributions. A spectral power law is determined from the slope of the log of the variance/unit frequency of the parameter of interest with respect to the log of the frequency. Power law relations such as the ones given by Garrett and Munt [1972] for currents and temperature indicate that the spectral energy density, $, is generally inversely proportional to the square of the frequency or $ ~ t0 'n with n = 2 in a frequency domain somewhat greater than the inertial frequency (here f~ 0.05 cph) and less than the buoyancy frequency (here N ~ 2-7 cph). The power law formalism is useful in that it characterizes the rate of transfer of internal wave energy between scales, generally from large scales (lower frequencies) to smaller scales (higher frequencies). Our spectra for currents, temperature, and beam transmission are in good agreement with this n --2 power law. However, a power of n ~ 1.6 is obtained for chlorophyll fluorescence and dissolved oxygen. It is possible that beam attenuation generally acts as a passive scalar tracer for the time scales relevant to internal gravity waves. Chlorophyll fluorescence measurements. are perhaps more complicated because of short time scale variability related to processes such as photoadaptation and photoimhibition (near the surface). Also, for deployment 1 when biological activity was great, near surface spectral rolloff for dissolved oxygen and fluorescence is at time scales less than 2-5 h. This may be related to photoprocesses or possibly instrument response.
SUMMARY
The present study clearly indicates that important processes associated with and contributing to the seasonal cycle occur on short time and space scales and that aliasing (e.g., iv. sufficient sampling) is a major concern. While the seasonal patterns are discernable from coarse temporal sampling [e.g., Menzel Within the next few years, it is likely that it will be possible to obtain data collected virtually concurrently from moorings such as the one described here along with remotely sensed surface data from satellites for temperature, ocean color (e.g., pigment concentrations and diffuse attenuation coefficients), and surface elevation for geostrophic currents.
The present study benefitted greatly from both the currents obtained from the mooring and the Geosat SSH (and geostrophic current) maps. However, the lack of ocean color maps and only limited SST maps from satellites reslricted analysis and limited our interpretation and potential for modeling. Even with new satellites, moored measurements will continue to be important as they are unaffected by cloud cover and can in principle be used for long-term, uninterrupted, and high-frequency sampling of depths inaccessible with satellite sensors. Optimally, the combined data sets obtained from moorings, ships, drifters, and satellites will be synthesized using appropriate data assimilation models to produce three-dimensional maps of the key physical and bio-optical variables for the estimation and prediction of primary productivity, penetrative component of solar radiation, and carbon fluxes of the upper ocean [e.g., Dickey, 1991] .
